"Field-scale water balance closure in seasonally frozen conditions" by Pan et al.
1. This text on P5 starting L21 seems misplaced "If the non-measured terms are negligible, i.e. within sampling and instrumentation errors, we are left with a 1D water balance where net precipitation (precipitation minus evapotranspiration) is adequately well balanced by changes in storage only. If the non-measured terms are non-negligible, there will be a non-zero water balance residual. We interpret these residuals for the different seasons." It seems to me that it is not possible for the reader to understand this without seeing the water balance equation and knowing what was measured and unmeasured. Please revise the last 5-6 lines of the Introduction so that it is selfcontained.
Response: In order to avoid confusion for the reader, we have simply removed this text. It was misplaced, and was not critical to this paragraph.
INTRODUCTION

1
Water balance closure has been described as the holy grail of scientific hydrology (Beven, 2006) . 2 Beven suggests that the most important problem in hydrology in the 21 st Century is providing the 3 techniques to measure integrated fluxes and storages at useful scales. In the current paper, we 4 define the problem of water balance closure as that of independently quantifying each term in the 5 water balance equation, such that the changes in storage within a specified domain and over some 6 time interval are adequately balanced by the net fluxes into/out of that domain over the same time 7 interval. As simple as this concept is, it has proven to be extremely hard to achieve in field studies. 8 For example, Mazur et al. (2011) reported a water balance closure study for a well-characterized, 9 intensively monitored artificial catchment, and were unable to close the water balance due to their 10 inability to quantify evapotranspiration and changes in storage. Natural heterogeneity of both water 11 fluxes and moisture states, which can vary at spatial and temporal scales that are beyond (or 12 beneath) our measurement capabilities, can make the task of observing complete water balance 13 closure seem like an enigmatic pursuit.
14 In this paper we present a case study from a heterogeneous pasture site in the Canadian prairies, 15 where we have quantified the various components of the water balance at the field scale, and 16 critically examine some of the simplifying assumptions which are often invoked when applying between the soil and the atmosphere. 5 However, certain characteristics of the prairies region also make the hydrology complex and are 6 likely to confound simple 1-D assumptions regarding the water budget. The region is seasonally 7 frozen, with long winters (4-6 months), featuring many cryosphere-dominated hydrolog ical 8 processes. Approximately one third of annual precipitation is snowfall, which is subject to 9 extensive wind redistribution throughout the landscape Pomeroy and Li, 10 2000) resulting in a spatially variable water input. During the spring melt, spatially variable surface 11 albedos and heat advection from snow-free to snow-covered areas can cause differential rates of 12 snow melt (Shook et al., 1993; Liston, 1995) . Moreover, infiltration into frozen soil has complex 13 dependencies upon the antecedent moisture, the rate of melt, and local topography (Gray et al., to the near-surface, and need to be depth-scaled to the root-zone to be suitable for water balance 
13
The objective of this paper is to explore how well the water balance can be closed using only 14 routine field observations in a seasonally frozen environment. We use a well-instrumented field 15 site to quantify the magnitude of the water balance components as they vary across three distinct 16 seasons in the prairies at field scale. We start with a conceptual model of all of the dominant 17 hydrological processes active at the site, from which we construct a water balance equation. We 18 designed a simple field experiment to measure the components of the water balance that can be well balanced by changes in storage only. If the non-measured terms are non-negligible, there will 1 be a non-zero water balance residual. We interpret these residuals for the different seasons. We 2 evaluate the validity of treating the problem as one-dimensional in different seasons, and the value 3 of using water balance residuals to estimate fluxes and constrain models. 4 
METHODS
5
2.1 Field-scale water budget 6 We consider field scale to represent an area of the order of 500 m x 500 m, from the ground surface 7 to a depth of 1.6 m. This was the depth range that we were able to install neutron probes to monitor, 8 and is deep enough to capture all of the significant soil moisture dynamics at our site. At this scale, 9 storage terms include surface storage, ΔS s , which includes snow and ponded water, and subsurface
10
(vadose zone) storage, ΔS v , which is liquid and solid (ice) soil moisture integrated over the root 11 zone (taken to be 1.6 m). The field-scale vertical water balance can hence be expressed for the 12 surface as
for the subsurface as
and for the overall field scale as
where all terms are in units of mm, and P is precipitation (solid and liquid phases), I is infiltration , here we only consider vertical drainage from the base of our soil layer. Lateral unsaturated 8 subsurface flow may occur at local scales due to changes in soil properties, but we do not expect 9 these fluxes to be significant at field scale. Hence, lateral subsurface fluxes are neglected.
In seasonally-frozen environments where winters are long and cold, processes in the summer and if it exists at all, it is as ponded water in ephemeral ponds which tend to dry out in early summer; 23 and in the melt period, it is a transition between these two. Snow drift, runoff and evaporation are 1 typically only significant in the snow accumulation season, the melt period, and the growing 2 season, respectively. This will be discussed in detail in Section 4. 
Instrumentation
6
A variety of measurements were used to characterize the field scale water balance from November into (from) the soil, was averaged between the 2 locations.
10
The energy balance closure ratio (EBR), Precipitation (mm) was measured by a Geonor T200-B weighing gauge. Biases in solid 19 precipitation (i.e. snow) measurements were corrected for undercatch using a wind speed-catch (Smith, 2008) , and for liquid precipitation (i.e. rain) we assume a catch The topography of the long transect from northwest to southeast is shown in Fig. 1b . Soil temperature was measured using Stevens Hydro-probes at three profiles, co-located with 13 We performed a quantitative uncertainty analysis of all of the measured terms in our water balance 14 assessment. We expect uncertainties in our measurements of precipitation and evapotranspiration 15 to be dominated by measurement errors. Conversely, we expect uncertainties in our measurements 16 of soil moisture and snowpack to be dominated by sampling errors. These four terms make up a 17 naïve, 1D, water balance, where the net precipitation (defined as − ) equals the total change 18 in storage (Δ + Δ ). The water balance residual, , is given by:
Uncertainty assessment
20 1 zero in any period, we must expect one or more other fluxes from Eqn 1-3 to be significant in that 2 period. We seek to quantify an error bound for each term, ± , and combining these errors by 3 summing in quadrature to establish an error bound for the residual, , given by (Coleman and
Steele, 1989):
6
The error bounds for each measurement term are described in the following paragraphs. In all 7 cases, we concentrate on quantifying the largest, most dominant, source of uncertainty. precipitation measurement, so we have assumed random errors of 10% of daily precipitation.
10
Evaporation. Measurements of evaporation using the eddy covariance technique may be subject Snow. distributed, the confidence intervals were found using a percentile method. The sum of evaporation, transpiration, and sublimation was 285 mm (2013) and 368 mm (2014). The phenomenon also operates at scales larger than our field site. Whether this results in a net 
16
Here it can be seen that random errors in the accumulated precipitation are very small compared 17 with the systematic errors associated with undercatch of solid precipitation, and the variable 18 influence of blowing snow.
19
During the snow accumulation period the soil freezes progressively from the surface downwards.
20
The maximum freezing depths were 1. Table 1 ). Figure 5 shows the change in root zone water 
Melt period 7
The observed timing and magnitude of snowmelt and discharge in Brightwater Creek (measured in Fig. 1a ), but the local infiltration/runoff behavior can still explain the differences seen at the 11 larger scale. The timing of peak discharge in both years is consistent with the timing of the 12 depletion of the snowpack by melting. However, the magnitude of the peak discharge in 2014 is 13 much bigger than that in 2013. Snowpack depths were comparable (Fig. 6 ), but field-average SWE 14 was significantly higher in 2013 (Table 1) , which indicates there is some complex behavior in 15 terms of the runoff generation mechanism, which we explore here. In both years, there was a large coincident points on the transect (Fig. 1b) , and the results are shown in Fig. 7 (note that the transect thaw period (ΔS V2 ), which takes considerably longer to complete (Fig. 2) . The spatial patterns of To explore the marked differences in snowmelt infiltration in the two years, soil water content the lack of energy balance closure. In both years, we see E exceeding P and the soil moisture being 5 drawn down over the summer, highlighting the importance of snowmelt for sustaining agriculture 6 in this region. In both years, the cumulative bias-adjusted net precipitation is within the confidence 7 intervals of the change in ΔS V . It should be noted that the error bars in Figure 9 indicate the 95% 8 confidence intervals of the mean change in soil moisture between two adjacent measurement dates, 9 whereas the larger uncertainty value shown for ΔS V in Table 1 is obtained from the confidence 10 intervals around the mean seasonal moisture change. In 2013, soil moisture was supplied through 11 snow melt (see above) and was progressively depleted by evapotranspiration through the summer 12 months, with minimal rainfall inputs until a large event in late September (Fig. 2) . At the end of though the amount of rise was small, ~ 20 cm (Fig. 2e) . This is consistent with our water balance 
SUMMARY AND CONCLUSIONS
18
In this study we have used a suite of relatively standard instrumentation to explore the field scale as the tubes), and three 6-m piezometer boreholes (#1, #2 and #3). measurements were taken at 20 cm depth intervals, but are plotted here as offset ± 2cm for clarity. 
